It is k n o w n 1 -> that furocoum arins photoreact w ith DNA by irra d ia tio n at 3655 Ä and that these p h o to reactions ap p ear to be able to explain the photosensitizing properties that the same fu ro cou m arins ex ert on various biological substrates °~12.
W hen add ed to an aqueous solution of DNA, fu ro co u m arin s, out of irra d ia tio n , form com plexes in which they are weakly linked to the m acrom ole cule 13~15' 19. By subsequent irra d ia tio n of the solu tions, fu ro co u m arin s form covalent bonds w ith DNA. They give a C4-cyclo-addition reaction to the 5 -6 double bond of the p y rim id in e bases and may react eith er a) w ith th e ir 4^ -5 -double bond or b) w ith th e ir 3 -4 double bond, giving therefore two types of p hotoadducts.
As an exam ple of the stru ctu res of these p h o to adducts, we m ay con sid er those obtained from psoralen (1) and th y m in e * . T hey are indicated by the fo rm u las 5 and 6 fo r the type a ) , 7 and 8 for the type b ) . We po in t o u t th at the photoadducts of * These photoadducts were obtained by irradiating at 3655 A psoralen and the simple components of DNA, i. e. pyri midine bases, nucleosides and nucleotides 18>17. However we have found them also among the products of hydro lysis of DNA irradiated in the presence of psoralen 18. Our preceding experiments 3' 19 performed using 14C labelled bergapten (5-methoxy-psoralen) (3) and irradiating it in the presence of native DNA, denatured DNA, ribosomal RNA and s-RNA at room temperature, have shown that this furocoumarin has a photoreactivity with native DNA much higher than with the other nucleic acids.
On the contrary however K r a u c h , K r ä m e r and W a c k e r 20, using 14C labelled psoralen (1) and irradiating it in the presence of native DNA, and RNA at room temperature, or in the presence of denatured DNA at 0 -5 C found an almost equal photoreactivity with each of the three nucleic acids samples.
As these results are apparently in contrast to those obtained by us, they can only be explained by assuming different behaviour by the two furocoumarins (psoralen and bergapten) or the influence of the temperature at which the irradiation is made. For this reason we have made a screening in this field, with the aim of clarifying if furocoumarins may fotoreact effectively, not only with native DNA, but also with denatured DNA and RNA.
We have examined 4 furocoumarins: psoralen (1), xanthotoxin ( 2 ), bergapten (3) and 8-methvlpsoralen (4), which were irradiated at 3655 Ä in the presence of native DNA, denatured DNA and RNA.
After the irradiation we have determined both the amount of furocoumarin linked to the nucleic acids, and the fluorescence acquired by the macro molecule as a consequence of this addition. For testing the influence of the temperature at which the irradiation was made, the solutions during the irradiation were kept at a thermostatically con trolled temperature in the range between 2 and 30 °C.
M a te ria ls a n d M e th o d s Native D N A : from calf thymus, highly polymerized (Mann Research Laboratories, New York). Hypochromicity was higher than 37%, Tm * 87°.
Denatured DNA: obtained by heating for 15' in a water boiling bath a 0 .1% aqueous solution of above mentioned native DNA and then quencing it in ice.
RNA: from yeast, highly polymerized (Calbiochem, Los Angeles, California).
Bergapten : 5-methoxy-psoralen (3) : obtained by me thylation of 5-hydroxy-psoralen (bergaptol) with 14CH3I; specific activity 8,5 x 108 dpm/mM 3.
Psoralen, xanthotoxin and 8-methyl-psoralen: Psora len was extracted from leaves of Ficus carica 26; xan thotoxin was purchased from Chinoin S. p. A. Milano, purified by sublimation and by crystallization from ethyl alcohol, m. p. 148°; 8 -methyl-psoralen wras pre pared by synthesis23. They were tritiated by the W i 1 zb a c h method 22. After a long contact (2 months) with tritium in a sealed glass tube, each furocoumarin was purified through the following successive steps: dis solution in aqueous 10% NaOH and precipitation with 10% HC1; crystallization from aqueous ethyl alcohol (40%) ; sublimation in high vacuum and crystallization from benzene + petrol ether; separation by p rep ara tive thin layer chromatography on silica gel (F254 M erck; solvent: ethyl acetate 34%, cyclohexane 6 6 %), elution with absolute ethyl alcohol and fdtration trough a Millipore Mitef 5 // fdter. After this step, the u.v. ab sorption spectra of the substances were identical to those of the pure compounds. The radiochemical purity of the substances was tested by means of thin layer chromatography both on silica gel (see above) and on cellulose pow der (water 95%, dioxane 5%).
Specific activities: psoralen 4,5 x 1 08 dpm /m M ; xanthotoxin 1.36 x 109 dpm/mM; 8-methyl-psoralen 2,8 x 109 dpm/mM. Preparation of the solutions: Aqueous solutions of nucleic acids (0 .1%), containing NaCl 2 mM, were used. Furocoumarins were added in ethanolic solutions; the final concentration of psoralen, xanthotoxin and 8 -methyl-psoralen were 20 //g/ml, that of bergapten was 5 jug/ml (bergapten is less soluble than the other furo coumarins) . The final concentration of ethyl alcohol was always lower than 1 percent. (Solutions A.) The solutions of native DNA and of RNA, after the addition of furocoumarins, were slowly shaken for 30 minutes at room temperature and then filtered through a 5 // Millipore filter.
To the denatured DNA solution, the ethanolic solu tions of furocoumarins were added just after the heat denaturation. The warm solutions were shortly shaken and then rapidly quenched in ice, left in the cold for 30 minutes and then fdtered through a 5 / i Millipore filter.
Irradiation of the solutions:
The solutions A pre pared as above described (2 m l), were placed into glass calibrated tubes, 1,2 cm in diameter, immersed into a cell (cm 7x4x6) with glass walls, in which thermostatically controlled water circulated.
The irradiation was made with two HPW 125 P h i lips lamps, which emit almost exclusively at 3655 Ä placed on both sides of the cell, at a distance of 3,5 cm.
Using a chemical actinometer 24, with a ferrioxalate 0.15 M solution, it was determined that the incident ir radiation on the 2 ml of used solutions was equivalent to 2.9 1016 quanta/sec.
Irradiations were made at the following tem peratu res: 2°, 8°, 15°, 22°, 30 °C.
To the irradiated solutions solid NaCI was added to a 1 M final concentration, and after NaCI was dissolved, two volumes of ethyl alcohol were also added. Precipi tated nucleic acid was separated by centrifugation, washed with 80% ethyl alcohol and dissolved in 2 ml of distilled water. (Solutions B.)
Determination of the radioactivity: Small portions of the solutions B (0.2 ml) were added with 1 ml of distilled water and 10m l of dioxane-base scintillator*, and finally counted with a Beckman CPM 100 liquid scintillation spectrometer.
For check and reference purposes also the solutions of nucleic acids precipitated from the unradiated samples and the solutions A, kept in the dark, were counted under the same conditions.
Determination of the fluorescence:
Other portions of the solutions B (0.5 ml) were added with 2 ml of 0.1 M phosphate buffer pH 7 and then used for deter mining the activating and the fluorescence spectra and the fluorescence intensities with an Aminco Bowman spectrophotofluorimeter.
The maximum activating wavelength for all the samples examined was 330 m/z. The maximum fluores cent wavelengths, which wrere used in determining the fluorescence intensities, are reported in Table I .
All the fluorescence intensity values reported in this paper were obtained using a same reference standard and therefore they are comparable.
Spectrophotometric determinations:
The spectrophotometric determinations were made, using a re cording Beckman DB spectrophotometer, on aqueous solutions of the furocoumarins alone (concentration 4 ^g /m l for bergapten, 6 ^g/m l for the other furo coumarins) , using water as blank, and on the same solutions of furocoumarins added with the various nucleic acids (concentration 0.1%), using in this case as blank an aqueous solution of the same nucleic acid at the same concentration.
The solution were thermostatically controlled at the temperatures of 2°, 15° and 30 °C.
Results and Discussion
Photoreaction between native DNA and psoralen, xanthotoxin, bergapten, 8-methyl-psoralen
In the p h otoreactions which native DNA all fu ro coum arins showed an analogous b ehaviour and the results now o b tained are in a satisfactory agreem ent with those previously found w ith b e rg a p te n 3. A m ong the four fu ro co u m arin s tested, 8-methylp soralen showed the hyghest photoreactivity 23.
The tem p eratu re of irra d ia tio n exerts rath er no influence both on the rates of the photoreactions and on the fluorescence acquired by DNA. Only in some case they ap p ear to be a little h ig h er when the irra d ia tio n is m ade at low er tem perature (see Table  I and figs. 1 and 2 ) . [°c] psoralen linked to the nucleic acids is almost the same at the various temperatures, fluorescence in tensities on the contrary show strong differences; after 20 minutes of irradiation at 2°, denatured DNA and RNA have fluorescence intensities respec tively 8 times and 4 times higher than those after ir radiation at 22 -3 0°. In order to give an explanation of this fact, we must recall what we have already said in the intro duction, that is psoralen may photoreact with the pyrimidine bases of nucleic acids form ing either fluorescent photoadducts (wrhen its 4 ' -o' double bond is involved) or not fluorescent ones (when the 3 -4 double bond is involved). In preceeding research we have found that in native DNA both these types of photoadducts are form ed 18; recent experiments showed that after irradiation of native DNA at room temperature in the presence of psoralen, the fluorescent photoadducts can be ob tained after acid hydrolysis of the same D N A in an amount 3 times greater than that of the not fluorescent ones 27.
After the present results we must conclude that in the photoreactions between psoralen and RNA or denatured DNA the temperature of irradiation has influence on the type of photoaddition which occurs. It is evident that at 2° the ratio fluorescent photoadducts/not fluorescent photoadducts must be higher than that at 2 2° -3 0°.
Photoreactions of xanthotoxin and bergapten with
RNA and denatured DNA Xanthotoxin and bergapten showed a very sim i lar behaviour.
We observed in these cases an influence of the temperature at which the irradiation was made on the rates of the photoreactions. By contrast with psoralen, the fluorescence of the nucleic acids after the irradiation is not affected: its intensity is always rather proportional to the amount of furocoumarin which was linked, if we consider a given period of irradiation.
As we can see from Tables III and IV and However as the temperature of irradiation de creases, the photoreactivity of xanthotoxin and bergapten progressively increases: with denatured DNA at 2 3 it is rather the same than that with native DNA, w'hile with RNA it remains always at a lower level.
Photoreactions of 8-methyl-psoralen with RNA and denatured DNA
The results of the photoreactions of 8-methylpsoralen with RNA and denatured DNA are analo gous to those obtained with xanthotoxin and bergapten; also in this case we observed an evident influence of the temperature of irradiation on the rates of the photoreactions (see Tables III and IV  and fig. 2 ) while the influence on the fluorescence is lacking.
However we point out that the high photoreacti vity of 8-methyl-psoralen observed with native DNA, appears evident also in the photoreactions with RNA and denatured DNA. Therefore the photoreac tivity with these nucleic acids at room temperature (2 2° -303), even if much lower than that with native DNA, still has a high level.
Influence of the temperature on the formation of complexes between furocoumarins and nucleic acids
In order to explaining how the temperature of ir radiation can affect the rate of the photoreactions of xanthotoxin, bergapten and 8-methyl-psoralen with RNA and with denatured DNA, we have sug gested that it exerts its influence on the preliminary formation of complexes between furocoumarins and nucleic acids.
In a previous research we had studied the darkinteraction between furocoumarins and nucleic acids 13_15>10. By operating at 2 0° we had found that complexes are well formed by bergapten with native DNA, but with denatured DNA, ribosomal RNA and s-RNA they take place in a very reduced extent.
Even if the formation of these complexes occurs out of any irradiation, from much evidence we have reached the conclusion that they are in very useful condition for the subsequent photoreaction, which, of course, takes place when the solution is irra diated.
As the formation of a complex between a small molecule and a macromolecule is generally accom panied by a modification of the optical properties of the simple compound (a decrease of the optical density and som etim es a bathochromic shift of the / max is observed), we have determined the u.v. spectra (in a range of 300 -390 m //) of aqueous solutions of our furocoumarins in the presence of nucleic acids at various temperatures, that is at 3 0°, 1 5° and 2 °C.
The results obtained with bergapten in the pres ence of native D N A, denatured DNA and RNA are reported in Table V . With xanthotoxin and 8-methyl-psoralen the results were analogous.
They show that in the presence of native DNA the complex is well formed even at 3 0° and a de crease of temperature has rather no influence.
Different is the case in the presence of denatured DNA and also, even if less evident, in the presence of RNA: at 3 0° there is only a little decrease of the optical density of bergapten, but the decrease be comes more and more evident by decreasing the temperature. A bathochromic shift may also be ob served.
We have also ascertained that these modifications of the u.v. spectra of furocoumarins are completely reversed if we, after the successive determinations at 3 0°, 1 5° and 2 C \ reverse the process repeating the determinations at 15 and at 3 0°.
These facts indicate that the ability of forming complexes with furocoumarins in RNA and de natured DNA is dependent on the temperature, and it is much higher at 2" than at 30 . By contrast in native DNA it does not depend on the temperature.
We think that these findings may explain why the photoreactions between xanthotoxin, bergapten and 8-methyl-psoralen with RNA and denatured DNA are affected by the temperature of irradiation, while those with native DNA are independent from it.
Less well explainable from this point of view is the behaviour of psoralen. The spectrophotometric determinations performed on the solutions of psoralen in the presence of native and denatured DNA and of RNA in no case showed evident m odi fications at the various temperatures. This is in agreement with the fact that the photoreactions of psoralen with denatured DNA and RNA, as well as with native DNA, are almost independent from the temperature. However until now we have found no evidence to explain the variation on the type of photoaddition to RNA and to denatured D N A that psoralen gives at various temperatures.
Conclusion
From the data reported in this paper it is evident that the tested furocoumarins, i. e. psoralen, xantho toxin, bergapten and 8-methyl-psoralen, by irradia tion at 36 5 5 Ä may photoreact, not only with native DNA, but also with denatured DNA and with RNA. However in these cases the photoreactions are in fluenced by the temperature at which the irradiation is performed. This influence concerns the type of photoaddition that the furocoumarin gives with nucleic acids in the case of psoralen, and the rate of the photoreactions in the case of the other three furocoumarins. In particular it appears that xantho toxin and bergapten photoreact with RNA and de natured DNA in a very reduced extent at 3 0°, but at a much higher rate at low temperatures (2 -8 ). On the contrary in the photoreactions with native DNA, no influence of the irradiation temperature was observed. 
